Epidermal growth factor receptor (EGFR) is commonly affected in cancer, generally in the form of an increase in DNA copy number and/or as mutation variants [e.g., EGFR variant III (EGFRvIII), an in-frame deletion of exons 2-7]. While detection of EGFR aberrations can be expected to be relevant for glioma patients, such analysis has not yet been implemented in a routine setting, also because feasible and robust assays were lacking.
INTRODUCTION
Epidermal growth factor receptor (EGFR) is a transmembrane tyrosine kinase receptor protein and one of the most commonly affected growth factor receptors in cancer (20) . Elevated levels of EGFR are usually induced by amplification of the EGFR gene and correlate with tumorigenicity and an unfavorable prognosis (12, 13, 39, 55, 68, 72) . Furthermore, different mutational variants of EGFR have been identified of which EGFR variant III (EGFRvIII) is the most frequent and detected in gliomas (16, 17, 62) , as well as in cancers of the lung (50), breast (11) , prostate (51) and head and neck (70) . EGFRvIII is characterized by an in-frame DNA deletion of exons 2-7, generating a truncated protein that lacks the majority of the extracellular ligand-binding domain (7, 21, 35, 36, 40, 71, 84, 85) . EGFRvIII leads to constitutive activation of downstream signaling including second messenger pathways not available to wild-type EGFR (48, 73) and shows decreased protein degradation (88) . Expression of EGFRvIII results in increased cell proliferation, resistance to apoptosis, increased cell migration and has been associated with shorter life expectancy (1, 32, 45, 46, 49, 68) .
Due to its prominent role in oncogenesis, inhibition of EGFR/ EGFRvIII signaling is an attractive therapeutic approach for several types of cancer (43, 47, 58, 60, 81) . Especially for the most malignant and common glioma subtype, glioblastoma multiforme (GBM), showing a poor prognosis in spite of aggressive treatment, this approach might offer new therapeutic options as EGFR is frequently affected. Different anti-EGFR agents are available and were proven effective in specific subsets of patients (9, 14, 33, 41, 53, 59, 64, 65) . Investigating the molecular background of the tumors will increase our understanding of response to therapy and allow for identification of those patients that are most likely to respond. For example, as agents blocking the ligand-binding site are unlikely to silence signaling through EGFRvIII, in this situation other inhibiting agents such as small molecules affecting the intracellular tyrosine kinase domain might be much more promising. In gliomas, several trials with such small molecules were performed using, for example, Erlotinib (Tarceva®; Roche, Basel, Switzerland) or Gefitineb (Iressa®; AstraZeneca, London, UK) (79) . Efficacy was shown in a subset of patients, and although conflicting results have been described, molecular analysis of these responsive cases (EGFRvIII and PTEN (phosphatase and tensin homologue deleted in chromosome 10) positive or high EGFR and low p-AKT (phosphorylated v-akt murine thymoma viral oncogene homolog)) suggests additional clinical value of molecular diagnostics for patient stratification in the (near) future (41, 65) .
Molecular analysis in a routine diagnostic setting next to the histopathologic diagnosis is increasingly performed for diffusely infiltrating gliomas providing additional information about, for example, the type and malignancy grade of the tumor, response to chemotherapeutic treatment and prognosis (i.e., diagnostic, therapeutic/predictive and prognostic value, respectively) (22, 38, 74) . Such routine molecular diagnostics are DNA based and most commonly evaluate loss of chromosome arms 1p and 19q (1p/19q) as well as methylation of the promotor of the O6-methylguanine-DNA methyltransferase gene (MGMT) (3, 15, 24, 31, 75) . Newly identified correlations between molecular characteristics of the tumor and response to specific therapeutic agents, for example, against EGFR/EGFRvIII, or other agents for targeted therapy, can be implemented into the routine molecular diagnostics and thereby contribute to optimal patient stratification, resulting in improved prognosis and quality of life.
Identification of the clinical relevance of, for example, EGFR/ EGFRvIII aberrations as well as implementation in a routine diagnostic setting, requires a feasible and robust assay that can be easily performed, preferably is DNA based so it can be performed in parallel with evaluation of the other relevant molecular markers and ideally is suitable for the analysis of routinely processed, formalin-fixed and paraffin-embedded (FFPE) tissue. We evaluated detection of EGFR amplification and of EGFRvIII by multiplex ligation-dependent probe amplification (MLPA) using tumor DNA and established the specificity and sensitivity of this assay by a parallel analysis of tumor RNA and protein. Analyzing a spectrum of 216 gliomas, we investigated the distribution of EGFR copy number changes and presence of EGFRvIII among the different types of gliomas. We conclude the MLPA assay has great potential for glioma diagnostics in a routine diagnostic setting as it provides additional diagnostic, prognostic and therapeutic information.
MATERIAL AND METHODS

Tumor samples
Diffuse glioma samples for this study were retrieved from the neuro-oncology archive at the Department of Pathology of the Radboud University Nijmegen Medical Centre, the Netherlands. The use of brain tumor tissue after completing histopathologic diagnosis for research purposes has been approved by the regional ethics committee. Tumors were classified and graded according to the World Health Organization (WHO)-2000 classification as diffuse astrocytoma (A-II), anaplastic astrocytoma (A-III), GBM, oligodendroglioma (O-II), anaplastic oligodendroglioma (O-III), oligoastrocytoma (OA-II) or anaplastic oligoastrocytoma (OA-III) (29) . In the current study we analyzed in total 216 tumors: 20 A-IIs, 
DNA isolation
DNA was isolated from routinely processed, FFPE tumor samples as well as from snap frozen tumor tissue. In case of paraffinembedded tissue, 50 mm paraffin sections were cut and incubated in P-buffer (50 mM Tris-HCl pH 8.2, 100 mM NaCl, 1 mM EDTA, 0.5% Tween-20, 0.5% NP40, 20 mM DTT) at 90°C for 15 minutes after which a protein digestion was performed using 0.5 mg/mL proteinase K (Roche Diagnostics GmbH, Mannheim, Germany) at 55°C overnight and another 48 h at 37°C (fresh proteinase K being added every 24 h). Subsequently, DNA was isolated using the DNeasy Tissue Kit (Qiagen, Venlo, the Netherlands). DNA from snap-frozen tumor tissue was isolated with this kit as described by the manufacturer. Furthermore, DNA previously isolated using a salting out procedure (26, 42) was purified using the DNeasy Tissue kit (Qiagen). An additional wash step using the AW2 wash buffer was always included prior to elution.
Multiplex ligation-dependent probe amplification (MLPA)
To evaluate copy number changes in EGFR we used MLPA kit P105 (lot-nr 0306 and 0407) prepared by MRC-Holland (Amsterdam, the Netherlands) containing probes specifically recognizing EGFR exon 1 (Probe name MRC-Holland: 2062-L3282), exon 2 (5435-L4851), exon 3 (5436-L4852), exon 4 (5437-L4853), exon 5 (5438-L6027), exon 6 (6121-L6286), exon 7 (5440-L4856), exon 8 (2063-L3283), exon 13 (5441-L5612), exon 17 (2064-L1577) and exon 22 (5968-L5385). Additionally this kit contains 5 CDKN2A, 10 (lot-nr 0306) or 11 (lot-nr 0407) PTEN and 8 TP53 specific probes, whereas the other 6 probes were used as control probes (http://www.mlpa.com) (66) . MLPA was performed as described by the manufacturer with minor modifications. Briefly, 200 ng DNA in 5 mL TE-buffer (10 mM Tris pH 8.2, 1 mM EDTA pH 8.0) or Milli Q was denatured and cooled down to 25°C. After adding the probe mix the sample was denatured, probes were allowed to hybridize (16 h at 60°C) and ligation was performed. PCR was performed in twice the amount as described by the manufacturer (in a volume of 50 mL containing 10 mL of the ligation reaction mixture), which in our experience results in a major improvement of (reliable) copy number analysis (unpublished results using MLPA kit P088 and P105). PCR was performed on a PTC 200 thermal cycler (MJ Research Inc., Waltham, MA, USA) and encompassed 33 cycles of 20 s at 95°C for, 30 s at 60°C and 1 minute at 72°C, with a final extension of 20 minutes at 72°C. Aliquots of 1 mL were combined with 0.3 mL LIZ-labeled internal size standard (LIZ-500 Genescan, ABI 401734) and 8.7 mL deionized formamid. Denatured fragments were separated and quantified (peak height) by electrophoresis on an ABI 3730 capillary sequencer (Applied Biosystems, Nieuwerkerk aan de Ijssel, the Netherlands) and Genemapper analysis (Applied Biosystems) (76) .
Data analysis was performed in Microsoft Excel as described previously (25) . The "probe fraction" of each peak is calculated by dividing the peak value of each probe amplification product by the combined value of the control probes (n = 6) within the sample (to compensate for differences in PCR efficiency). These "probe fractions" are then divided by the average probe fraction of the normal DNAs included in each experiment, resulting in a probe ratio. Based on our previous experience with MLPA copy number detection, we chose to use thresholds of 1.2 and 0.8 for the detection of gains and losses, respectively (25) . Furthermore, ratios below 0.4 were considered homozygous losses, whereas ratios above 2.0 were considered as amplifications and those exceeding 10 as high-copy (HC) number amplifications. Due to the presence of non-neoplastic cells within tumor samples, theoretical thresholds of, for example, 0.5 for a hemizygous loss and 0.00 for a homozygous loss are inadequate. To identify EGFRvIII we determined the average ratio for exons 2-7 probes and compared this with the average ratio of probes for exons 1, 8, 13, 17 and 22 (EGFRvIII ratio). EGFRvIII ratios below 0.8 were considered to harbor the EGFRvIII deletion variant. This EGFRvIII threshold proved to result in a highly specific and sensitive assay (results of the current paper). Next to assessment of the EGFRvIII ratio we inspected the individual probe ratios in order to confirm the presence of EGFRvIII instead of other EGFR variants (e.g., as present in N216, see results).
RNA analysis
Cases selected for RNA analysis included those identified as EGFRvIII positive by MLPA analysis or showing EGFRvIII ratios near the threshold set for detection of EGRFvIII (i.e., 0.8), whereas the remaining cases were selected randomly. Availability of sufficient tumor tissue proved to be a limiting factor for some cases excluding them from further evaluation at the RNA level.
Total RNA was isolated using Trizol (Invitrogen, Breda, the Netherlands). Briefly, 10-mm sections were collected, preferably from snap-frozen tissue or alternatively from FFPE tissue (30-50 or 5-10 sections, respectively). Paraffin from FFPE tissue was removed using 500 mL xylol (3 times) and the tissue was air-dried after three 96% ethanol washes. Lysisbuffer (Biozym TC, Kerensheide, the Netherlands) and Proteinase K (Roche Diagnostics) were added and put overnight at 56°C. Frozen tissue or 250 mL FFPE tissue lysate was dissolved in 1 mL Trizol (Invitrogen) and incubated on ice for 15 minutes after which 200 mL chloroform was added. Total RNA was either isolated by precipitation (pellet dissolved in 25 mL MQ) or using the NucleoSpin® RNA II Columns (Bioké, Leiden, the Netherlands) as described by the manufacturer (eluation in 40 mL MQ) and stored in -80°C.
cDNA was prepared from 500 ng isolated RNA using SuperScript II (Invitrogen) as described by the manufacturer with random hexamers. We performed endpoint RT-PCR as described by Mellinghoff et al (41) , the primers generating products of 243 basepairs (bp) and 1044 bp for EGFRvIII and EGFR-wild-type (EGFR-wt), respectively. As these fragments proved to be rather long for the analysis of RNA isolated from FFPE primers for quantitative RT-PCR (q-RT-PCR) were designed, located in exons 1 and 8 and exons 2 and 3, representing EGFRvIII and EGFR-wt and generating products of only 98 and 89 base pairs, respectively. Primers sequences used are 1-for: GCTCTGGAGGAAAAGA AAGGTAATTAT, 8-rev: ACGCCGTCTTCCTCCATCT, 2-for: TACCTATGTGCAGAGGAATTATGATCTTT, and 3-rev: CCAC TGTGTTGAGGGCAATG. For comparison, the housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used (forward-primer: CCACATCGCTCAGACACCAT and reverse-primer: GCGCCCAATACGACCAAA), generating a 66 bp product. q-RT-PCR was performed using 25 ng cDNA and 15 pmol of each primer in Power SYBR Green PCR Master Mix from Applied Biosystems. PCR was performed on an ABI Prism 7000 Sequence Detection System (Applied Biosystems) (2 minutes at 50°C, 10 minutes at 95°C, 40 subsequent cycles of 15 s at 95°C and 1 minute at 60°C, followed by 15 s at 95°C, 1 minute at 60°C, 15 s at 95°C and 15 s at 60°C).
Immunohistochemical detection of EGFRvIII
Tissue micro-arrays (TMAs) were established from FFPE glioma tissue and included 3-4 representative cores (2 mm in diameter) of each tumor. Gliomas included in these TMAs were previously screened by us for chromosomal imbalances using comparative genomic hybridization (26, 27) . Whenever sufficent DNA or tissue was available these cases were included in the present study. These arrays were used to study the expression of EGFRvIII by immunohistochemistry (IHC) and included 76 of the gliomas analyzed by MLPA.
Antigenic localization was performed using the BondMax automated stainer (Leica Microsystems, Bannockburn, IL, USA) IHC was performed using the AbL8A4 antibody that is specific for EGFRvIII but unreactive with wild-type EGFR (83) . Fivemicrometer sections from TMA blocks were programmed to be processed on the BondMax including paraffin removal, heatinduced epitope retrieval using Bond Epitope Retrieval Solution 2 (Vision BioSystems, Norwell, MA, USA) for 20 minutes and application of the primary antibody. Detection of the bound antibody was accomplished with the use of Bond Polymer Refine Detection (Vision BioSystem). Following application of the Refine Enhancement reagent and labeling with the Refine Polymer, the tissue sections were treated with hydrogen peroxide. The bound immune complex was then visualized with the online application of diaminobenzidine and subsequently counter stained with hematoxylin. Completed slides were dehydrated with alcohol, cleared with xylene and cover slipped with a permanent mounting media. The extensiveness of IHC staining was initially scored semiquantitatively as -(absent), + [occasionally (groups of) cells positive], ++ (dispersed positivity), or +++ (widespread positivity). For comparison with other EGFRvIII detection, methods cases were classified as either immunohistochemically positive or negative.
RESULTS
Detection of EGFR copy number changes and EGFRvIII in tumor DNA
We used MLPA assay P105 to detect copy number changes of EGFR as well as the presence of the deletion variant EGFRvIII (deletion exons 2-7) in 216 diffuse gliomas, encompassing the different histopathologic subtypes and malignancy grades. Copy number changes of the EGFR gene were detected in 102 cases (47%), most frequently involving additional copies of the gene (47 gains, 19 amplifications and 33 HC amplifications), whereas losses were only occasionally detected (3 cases). Additional copies were most frequently found in GBMs (74/104; 71%) or anaplastic glioma (19/67; 28%), more frequently affecting OA-IIIs (12/28; 43%) than O-IIIs (7/25; 28%). Vice versa, the majority of cases with an (HC) amplification (n = 52) was diagnosed as GBM (81%), whereas the remaining cases included anaplastic gliomas (17%) and a single AII (2%). In cases showing a low-copy number gain (n = 47), the percentage diagnosed as GBMs was lower (68%), whereas this aberration was also identified in anaplastic (21%) and low-grade gliomas (11%). These results suggest increase of EGFR copy number in the course of malignant progression of gliomas. Examples of MLPA images reflecting different levels of EGFR copy number (normal, gain, amplification and HC amplification) are shown in Figure 1 .
MLPA analysis additionally identified EGFRvIII in 22 tumors [17 GBMs, 4 OA-IIIs, and 1 O-III) (Table 1, Figure 1) ]. Interestingly, EGFRvIII was only identified in cases that also showed additional copies of the EGFR gene, most frequently involving an (HC) amplification (21 cases). Not all cases, however, showing such an amplification contain EGFRvIII, suggesting that gene rearrangement takes place during gene amplification as a late event in glioma oncogenesis. Overall, of the 99 gliomas with additional EGFR copies, 22 (22%) contained the mutant EGFRvIII. As shown in Table 1 , variation in MLPA ratios among the different probes evaluated is less when ratios are smaller (e.g., within the deletion), whereas they can be high evaluating HC number changes (e.g., outside the deletion). Although some of these differences may represent actual additional EGFR variants (as described below), it is known that the linear correlation between actual copy number and MLPA ratio is affected when evaluating (HC) amplifications.
Next to EGFRvIII, an additional EGFR variant was detected in GBM N216 (Table 1) characterized by a deletion spanning not only exons 2-7 but extending to exons 8 and 13. Further evaluation of this tumor DNA using MLPA assay P315 (evaluating all EGFR exons) revealed that the deletion encompasses exons 2-14 (data not shown). Relatively decreased or increased ratios for individual exons was occasionally (4 cases) detected and affected different exons [relatively low ratios for exon 2, 3 and 4 in N473 (GBM, EGFR gain) or for exon 2 in N12 (O-III, EGFR HC-amplification) and N88 (EGFR HC-amplification, EGFRvIII); relatively high ratios for exon 1 and 22 in N775 (GBM, EGFR amplification, EGFRvIII) or exon 1 in N535 (GBM, EGFR HC-amplification, EGFRvIII)]. Whether these reflect alternative EGFR variants requires further investigation and is beyond the scope of the current study.
Detection of EGFRvIII protein or RNA
Part of the gliomas were additionally screened for the presence of EGFRvIII protein by IHC (76 cases) and/or EGFRvIII transcripts (61 cases) by endpoint RT-PCR as well as q-RT-PCR. IHC ( Figure 2 ) was performed using tissue arrays including 3-4 representative cores of 2 mm for each tumor. All 11 EGFRvIII positive cases as identified by MLPA included in these arrays were shown to contain the EGFRvIII protein ( Table 1) . As exemplified in Figure 2 , a considerable amount of heterogeneity in EGFRvIII staining was detected. While in some cores homogeneous staining of tumor cells was found (Figure 2A, N292) , clear tumor heterogeneity was detected among the different cores (N292: 2 cores negative, 2 cores homogenous staining) and frequently heterogeneity was present within cores, either as regional staining ( Figure 2B , N65) or as dispersed positive cells intermingled with a majority of negative tumor cells ( Figure 2C, N88) . The fact that no clear correlation between the MLPA EGFRvIII ratio and extent of IHC staining (semi-quantitatively scored as -, +, ++ and +++ for this purpose) could be established might be explained by this tumor heterogeneity (e.g., a few cells with very high levels of EGFR/ EGFRvIII or a lot of cells with increased levels of EGFR/ EGFRvIII), the use of micro-arrays for EGFRvIII IHC and the use of different samples of the tumor for MLPA and IHC analysis.
Evaluating RNA of the EGFRvIII positive cases (n = 17), differences were detected using either endpoint RT-PCR (Figure 3 ) or q-RT-PCR (Figure 4) . By endpoint RT-PCR, the EGFRvIII fragment (234 bp) was detected in 13 of the 17 cases (Table 1) , whereas the wild-type fragment (1044 bp) could only be detected in RNA isolated from frozen tumor tissue. In contrast, EGFRvIII (98 bp) and EGFR-wt (89 bp) could be identified in all positive cases using q-RT-PCR (Table 1 ). The detected discrepancies (only present when using FFPE tissue) most likely result from degradation of the RNA, which can be better evaluated using q-RT-PCR generating short PCR products. In order to validate the threshold set for 
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EGFRvIII detection by MLPA we selected a relative high number of cases showing an EGFRvIII ratio close to 0.8. As shown in Figure 4 , using q-RT-PCR two groups can be distinguished, either with or without EGFRvIII, which clearly correlates with MLPA EGFRvIII ratios of <0.8 or >0.8 respectively. So although the amount of EGFRvIII present in a tumor can be variable (among tumors, tumor regions or possibly even among individual tumor cells) as is reflected by EGFRvIII ratios ranging from 0 to 1, using the 0.8 threshold in MLPA analysis results in the same detection sensitivity as RNA analysis. Overall, in all 18 evaluable cases, EGFRvIII was also detected at the RNA and/or protein level, confirming the high sensitivity of this DNA-based MLPA assay. The fact that none of the 83 EGFRvIII negative cases was positive at the RNA level (n = 40) and/or at the protein level (n = 69) underlines the high specificity of the MLPA approach.
DISCUSSION
Detection of EGFR/EGFRvIII aberrations
In diffuse, high-grade gliomas EGFR is frequently overexpressed, and in a significant subset of these tumors a variant of EGFR (EGFRvIII) is expressed that is constitutively active (88) . EGFRvIII has originally been described as a DNA deletion of exons 2-7 (71), but is sometimes referred to as an alternative splice variant, implicating that exons 2-7 are present in the DNA but excluded from the mRNA together with the introns during splicing. This misconception is probably caused by the fact that so far EGFRvIII was generally identified at the RNA level, also because convenient assays evaluating the tumor DNA were not readily available.
Expression of EGFR-wt can be detected using IHC. However, as immunopositivity proved to be dependent on the type of antibody and the scoring scheme used, it has been suggested that clinical testing of EGFR signaling is not yet mature enough (86) . EGFRvIII has been identified at the protein level by, for example, IHC (83) . The EGFRvIII deletion is in-frame and generates a protein missing the majority of its extracellular domain. Antibodies have been produced that specifically recognize this truncated protein. Although IHC can easily be implemented in a routine histopathologic diagnostic setting, existing patents currently prohibit the use of an antibody recognizing EGFRvIII for clinical detection (87) . To confirm the presence or absence of EGFRvIII by IHC, part of our cases were stained and heterogeneous staining patterns were detected throughout the tumor. Interestingly, in our study the correlation between the results obtained by MLPA and IHC analysis of the presence of EGFRvIII was perfect.
RNA analysis for EGFRvIII is commonly performed by endpoint RT-PCR using primers located in exons 1 and 9 (41), generating two products representing either the EGFR-wt (long fragment) or EGFRvIII (801 bp shorter). In the literature several primer sets have been described generating PCR fragments ranging from approximately 200 to 350 bp for EGFRvIII (41, 50, 56 ). Here we show that when using high molecular weight (undegraded) RNA isolated from snap frozen tumor tissue, EGFR-wt (1044 bp) was readily detected. In EGFRvIII negative cases the EGFR-wt fragment was clearly identified, whereas it is less abundantly present in the EGFRvIII positive cases due to more efficient amplification of shorter (i.e., EGFRvIII, 234 bp) fragments during PCR. The EGFRvIII fragment (243 bp) was found in 4 cases, all identified as EGFRvIII positive using other approaches (DNA/RNA/protein). However, such analysis becomes more complex when using degraded RNA from, for example, FFPE tissue, the type of tissue that is commonly available from routine diagnostics. In all 14 FFPE cases, EGFR-wt could not be detected, whereas EGFRvIII was detected in 9 cases, all confirmed positive at the DNA or protein level. However, for those cases in which no EGFRvIII fragment is generated it cannot be determined whether this is due to an inadequate experiment (N31, N292, N345 and N520; Table 1, Figure 2 ) or due to the absence of EGFRvIII (N599; Figure 2 ). We therefore developed new primer sets generating smaller fragments (<100 bp) and suitable for q-RT-PCR. Primer sets spanned exons 1-8 and 2-3 representing EGFRvIII (98 bp) and EGFR-wt (89 bp), respectively. Identification of EGFRvIII in all positive cases confirmed that fragment length of the RNA caused the underestimation of EGFRvIII when using the conventional endpoint RT-PCR.
So far EGFRvIII is usually not investigated at the DNA level probably because available approaches were not suitable for screening of large sets of tumors. Primer sets used for RT-PCR cannot be used for DNA analysis due to the presence of the introns. Alternatively, southern blotting is quite laborious and requires a substantial amount of intact DNA and is therefore not suitable for analysis of DNA isolated from routinely processed FFPE tissue.
MLPA analysis, however, allows simultaneous copy number analysis of multiple small DNA fragments and therefore opens new opportunities for EGFRvIII detection. Here we show that by evaluating copy number changes of several EGFR exons within (exons 2, 3, 4, 5, 6 and 7) as well as outside (exons 1, 8, 13, 17 and 22) the deleted area (MLPA assay p105), cases harboring EGFRvIII can unequivocally be identified not only in snap frozen or fresh tissue, but also when using routinely processed FFPE tissue. Furthermore, the generated results provide information on the EGFR copy number status, information not directly available when IHC or (q-) RT-PCR is used for EGFRvIII evaluation. The fact that all 18 EGFRvIII positive cases as detected by MLPA indeed showed this variant at the RNA and/or protein level, whereas EGFRvIII was not detected at the protein or RNA level in cases not found to contain EGFRvIII by MLPA (n = 83), confirms the high sensitivity and specificity of the MLPA approach. Furthermore, this assay proved to be very robust as all DNAs evaluated could be reliably analyzed, and duplicate experiments performed randomly throughout the study showed similar results. Using P105B lot 0407 and more recent versions, a single analysis was sufficient for reliable analysis, whereas with earlier versions of the assay (e.g., lot 0306) occasionally a second analysis needed to be performed. Finally, in contrast to the previously established detection threshold for analysis of hemizygous 1p/19q losses (50% of tumor cells) (25), a detection limit cannot be determined for EGFR/EGFRvIII as this not only depends on the amount of tumor cells present in the biopsy, but on the amount of cells containing the aberration, the actual copy number (low level gain vs. HC amplification), and the ratios between EGFR and EGFRvIII.
Diagnostic and prognostic implications
Additional copies of EGFR were most frequently identified in high grade gliomas [74/104 GBMs (WHO grade IV) and 19/67 anaplastic (WHO grade III) gliomas], whereas EGFRvIII was detected in 22 of these cases including 17 GBMs (68%) and 5 anaplastic gliomas (22%). Our results are in line with previous reports showing that identification of EGFRvIII and/or increase of EGFR copy number is highly indicative for gliomas of high-grade malignancy and can therefore be of diagnostic use (38, 74, 78) . Histopathologic revision of our EGFRvIII positive anaplastic gliomas revealed that all four OA-IIIs (at the time classified according to the WHO-2000 classification (29) would now be classified as GBM with oligodendroglial component based on the presence of necrosis as described in the current WHO-2007 classification (38) . Interestingly, while the only EGFRvIII positive O-III was, also after revision, histopathologically diagnosed as pure anaplastic oligodendroglioma (without necrosis), in this tumor the characteristic genetic features of combined complete loss of 1p and 19q was not present. It has been reported for A-IIIs that half of the EGFRvIIIpositive tumors when reviewed were classified as GBM (1) . These results show that EGFR/EGFRvIII analysis may be helpful for identification of tumors with more aggressive behavior than suggested based on histopathology alone.
Conflicting results have been reported about the prognostic value of EGFR amplifications and the presence of EGFRvIII in gliomas. These discrepancies may not only be caused by the different techniques and tissue types used but also by the group of tumors evaluated. As discussed above, identification of EGFR/EGFRvIII in anaplastic or even low-grade gliomas may be indicative for the highest malignancy grade, and an unfavorable impact on the prognosis for patients with anaplastic gliomas including A-IIIs, OA-IIIs and O-IIIs has been described (1, 26, 27, 42, 69) . In a group of gliomas already identified as highly malignant, such correlations may become less obvious (1, 37, 54, 67) , although even in this group identification of EGFR/EGFRvIII aberrations has been reported by some to be a poor prognostic factor (6, 10, 16, 19, 23, 44, 52, 68) . Furthermore, as amplification of EGFR has been associated with "de novo" primary GBMs that carry a worse prognosis than secondary GBMs arising from progression of a less malignant lesion (30, 77) , the prognostic impact of EGFR/EGFRvIII may be dependent on the distribution of primary and secondary GBMs within the group evaluated. Applying robust analysis that is suitable for routinely processed FFPE tissue to characterize welldefined groups of gliomas encompassing all histopathologic as well as genetic subtypes will reveal the actual prognostic value of EGFR copy number changes and EGFRvIII.
Therapeutic implications
Therapeutic implications for the detection of EGFR aberrations depend on the type of therapy used. First, for the currently used (combined) radiation and chemotherapy, detection of EGFRvIII might serve as a negative predictor as introduction of EGFRvIII into cells confers resistance to radiation therapy and chemotherapy (8, 49, 82) . Furthermore, overexpression of EGFR has been also been associated with resistance to radiation in vitro (4) and poor response to radiation therapy in GBM patients (2) . Since deregulation of EGFR plays a role in therapy resistance, inhibition of EGFR signaling may sensitize tumors and is of particular clinical interest.
Secondly, as EGFR is frequently aberrant in (high-grade) gliomas (by gene amplification or mutational variants) and EGFR activation leads to increased proliferation and survival of (tumor) cells as well as resistance to apoptosis, EGFR-targeted therapy is a promising therapeutic approach, especially since the currently used therapies only result in a limited increase in survival. A selected group of (high-grade) glioma patients may benefit from EGFR kinase inhibitors Erlotinib (Tarceva®) or Gefitineb (Iressa®) (5, 14, 53, 57, 80) . Studies aiming to identify the molecular underpinnings of responsive GBMs unfortunately did not shown consistent results. This may be due to the fact that different approaches were used investigating different biomarkers (5, 33, 41, 59, 80) . Interestingly, it was clearly shown that GBMs harboring EGFRvIII in combination with PTEN expression (41) or with high levels of EGFR and low levels of p-AKT (65) are likely to respond to EGFR tyrosine kinase inhibitors. Both studies suggest that an intact PTEN-AKT pathway is necessary for clinical response to the inhibitors underlining the relevance of combined analysis of multiple markers. In addition to small molecule inhibitors, a monoclonal antibody against EGFR (Cetuximab; Erbitux, ImClone Systems, Branchbury, NJ, USA), has demonstrated (pre)clinical antitumor activity against GBMs (9, 61) . Although a correlation with EGFR amplification was identified in a preclinical setting this could not (yet) be confirmed in GBM patients. Since EGFRvIII is not present in normal tissue it is an attractive target for immunotherapy and promising results were shown in (pre)clinical studies (34, 64) . For example, the anti-EGFRvIII peptide vaccine CDX-110 increased (doubled) progression-free survival and overall survival in EGFRvIII-positive GBM patients when added to the conventional therapeutic regimen of TMZ (Temozolomide, Temodal®, Schering-Plough, Kenilworth, NJ, USA) and radiation therapy (18, 63) .
So many different approaches/agents have been used for anti-EGFR/EGFRvIII therapies in gliomas, most of them showing efficacy in a subset of patients. The described positive correlations between the molecular background and therapy response may serve as a rational basis for stratification of patients for EGFRtargeted therapies after validation of these biomarkers in large prospective trials. The fact that up till now the value of the EGFR status as a predictive marker for such targeted therapy is not clear might partly be explained by problems with standardization of methods for assessment of biomarkers in routinely processed FFPE tissue and by the limited accessibility of a well-characterized antibody for immunohistochemical detection of EGFRvIII expression. Further molecular evaluation of larger sets of anti-EGFR-treated glioma patients, investigating different types of EGFR aberrations (amplification and mutation variants), as well as molecules involved in downstream pathways using techniques best suitable for the type of tissue available will increase our understanding of the response to these anti-EGFR agents and thereby help to build a firm basis for tailored therapy of future glioma patients.
In summary
In summary, we show that EGFRvIII can be detected with high sensitivity and specificity at the DNA, RNA and protein levels using MLPA, q-RT-PCR and IHC, respectively. The conventionally used RNA-based RT-PCR proved to be less sensitive when evaluating degraded RNA as isolated from routinely processed FFPE tissue (resulting in underestimation of EGFRvIII). Using MLPA analysis, EGFRvIII and EGFR amplification could reliably and relatively easily be detected in routinely processed FFPE glioma tissue. The major advantage of EGFR/EGFRvIII analysis at the DNA level for gliomas is that parallel analysis can be performed of other molecular markers already proven to be of clinical value and that are currently being introduced in a routine diagnostic setting.
Diagnostic, prognostic and therapeutic implications have been suggested for molecular analysis investigating EGFR copy numbers changes and the presence of EGFRvIII. Discrepancies, however, have been reported, which may reflect differences in techniques and tissue types used, biomarkers investigated, as well as characteristics of the group of tumors investigated. Using robust MLPA analysis, we investigated a broad spectrum of 216 gliomas for EGFR/EGFRvIII aberrations as these can be of additional diagnostic and prognostic use, increasing the accuracy of identification of high grade malignancy. Predictive implications for different anti-EGFR therapies are to be expected based on reports clearly describing specific molecular characteristics for the responsive gliomas.
Using robust assays investigating different EGFR aberrations simultaneously (copy number changes and the presence of EGFRvIII) and preferably in combination with other relevant aberrations, in a clinically well-documented group of patients will further elucidate the true diagnostic, prognostic and therapeutic values of this analysis. As the MLPA platform can also be used for detection of other relevant biomarkers in gliomas (1p/ 19q loss, PTEN loss, MGMT promotor hypermethylation) (26, 28, 42) , MLPA analysis is a promising and versatile tool for focused clinical implementation of molecular diagnostics (and thereby improving tailor-made decision making) of individual glioma patients.
